Resistance to the endogenous antibiotic was studied in three actinomycetes that produce inhibitors of R N A polymerase. The three producers, Nocardha mediterronei (rifamycin p raduce r), Streptomy ces spectabilis (s t reptov ar ici n producer) and Strepturnyces Iydicus (st reptolydigin producer), were each highly resistant to the antibiotic they produce (MIC >2OOpg m1-l) and in vim RNA synthesis was also resistant. However, cross-resistance to the other RNA polymerase inhibitors was not found. Resistance to these antibiotics was due to target site modification, since the RNA polymerase enzymes of the three producing organisms were highly resistant in vitro to the corresponding anti biotic, and no antibiotic-inactivating enzymes were detected. A mutant was isolated from S. spectabilis which was sensitive to steptovaricin (itsown product) and also showed an increased sensitivity to rifamycin and streptolydigin. This mutant had R N A polymerase which was extremely sensitive to the three antibiotics.
INTRODUCTION
Antibiotic-producing organisms must protect themselves from their own products. In many cases this problem does not really occur, since there is no target site for the antibiotic inside the producing cell; such antibiotics are called xenotoxic (Vining, 1979) . In contrast, prokaryotic organisms synthesizing autotoxic antibiotics have to develop specific mechanisms to overcome the toxic effects of their products. Several ways to achieve this have been described. These include modification of the target site (Cundliffe, 1978;  Thompson & Cundliffe, 1980 There are several antibiotics produced by actinomycetes that inhi bit bacterial DNAdependent RNA polymerase. These include the rifamycins, streptovaricins and streptolydigin.
trations were then inoculated using a multipoint inoculator (Steer repkator) and growth on the plates was monitored after 2 d incubation at 35 "C. Because Strepromyces spp. tend to form clumps in YEME liquid medium, the myceha were crushed prior to replicating.
Tea for anribbticpduction. At different times of the growth cycle, samples were centrifuged in Corex tubes (12000 g for 15 min) and the amount of antibiotic in the supernatant was determined by bioassay. To reduce variations. the supernatant solutions were stored at -20 "C until all the samples from the experiment could be assayed together. For the array, plates of MQller-Hinton medium (15 ml) containing 2% (w/v) agar were inoculated with 0.1 ml of an overnight culture of M. lureus (for STV and RIF production) and of B. megaterium (for SLG production). The inoculum was spread over the surface of the medium by means of glass beads (2-3 mm diameter). Metal Oxford cylinders containing S 2 0 0 pl of the supernatant were then placed on the top of the medium and the antibiotic allowed to diffuse into the medium for 2 h at 4 "C. Incubation was then carried out at 35 "C for 16 h and the diameters of the haloes were measured and compared with those obtained with known concentrations of STV, RIF and SLG in plates run in parallel.
fsolrrtbn ofmurunts. Mutagenesis of spores was carried out by UV-light treatment. Spore suspensions (5 ml in 20%, w/v, glycerol; ODsao = 0.3) were exposcd for I min to UV irradiation in an uncovered @ass Petri dish. This time was prcviousiy found to produce about 95% loss of spore viability. Adequate dilutions were spread over YEME solid medium plates and incubated for 3-4 d at 35 "C until the surviving spores formed colonies and sporulated. These were then replica-plated onto YEME solid medium plates containing 100 pg antibiotic rnl-', and colonies unable to grow on these plates were selected as possible sensitive mutants. Such colonies were tested again for antibiotic sensitivity after several rounds of colony isolation on solid medium plates without antibiotic. The MICs of these individual colonies were then determined as described above.
Memremnrsof in vim RNA synthesis. At different stages of the growth cycle, samples (30 ml) were withdrawn, centrifuged and resuspendad in a minimal synthetic medium previously described (Hardisson eta/., 1980). After prtincubation of the cells for 5 min with different concentrations of the antibiotics, the samples were pulselabelled with ['Hhridine (I pCi ml-l, specific activity 30 Ci mmol-') for 5 rnin and the reaction stopped by the addition of 1 9 ml ice-cold 10% (w/v) trichloroacetic acid (TCA). The tubes were placed in an icc-cold water bath for 30 rnin before the contents were filtered and washed with 20 ml ice-cold 5% TCA. The filters were dried and counted in a Beckman LS 100 C liquid sintillation spcctrophotomcter using a toluene-based scintillation fluid. Corrections wen made in all c a m for thc corresponding blanks.
Partio/pur#fcurion of RNAp/ymrase. The whole process was camed out at 4 "C. About 10 g wet weight of mycelium was suspended at 0.2 g ml'' in buffer A containing I mwphenylmcthylsulphonyl fluoride (PMSF) and 1 mrr-o-phenanthroline to inhibit protcolytic enzymes. The suspension was then Submitted to brief sonication (four 1 rnin bursts with intermittent cooling) in an I50 W ultrasonic disintegrator. This produced disaggregation and partial breakage of the mycclia and was important in order to get maximal yields of the enzyme. Lysozyme (I mg ml-I) was added and the mixture incubated overnight. RNA polymerase assuys. The assay mixture for determination of RNA polymerase activity contained. in a total volume of 1OOj~1, the following components: 50 mw-TrislHCI pH 7.9 at 25 "C, 10 mw-MgC12. 10 mu-MnCI2, 200 mM-KCI. 0.1 mwdithiothreitol, 0.1 mw-EDTA, 1 mw-K,HPO, pH 7.5.0-1 mu-GTP, 0.1 mM-CTP, 0.1 mu-UTP, 0.05 mu42,8,5->HjATP (0.2 pCi nmol-'), 0.05 pg bovine serum albumin, 1 pg poly(dAdT) and 5-50 pI extract. The reaction was stopped after 15 min at 37 "C by the addition of 1 ml5% TCA containing 10 mw-sodium pyrophorphate, After 30 min at 4 "C, the samples were filtered through Whatman GF/C glass fibre discs (2.5 cm diameter) and washed with 12 ml 2% TCA plus 10 mv-sodium pyrophosphate. The radioactivity in the dried filters was estimated in a Beckman LS 100 C liquid scintillation spcctrophotometer. Under these incubation conditions, an incorporation of 40 c.p.m. represented approximately 1 pmol [3HJAMP incorporated into RNA. Dry weigh derprminutwns. Samples were centrifuged, washed twice with doubledistilled water and dried at 100 "C for 24 h in small glass vials before weighing.
Ckmicds and media. Strcptovaricin (U-7750, complex) and strcptolydigin (U-5481, free acid) were the kind gift of Dr J. E. Grady-Rifamycin SV was from Sigma. The three antibiotics were dissolved in 50% (v/v) 
RESULTS

Growth, antibiotic production and in viw resistance
When inoculated as spore suspensions into YEME liquid medium, N. mediterranei, S. spctabilis and S. Iydicus reached the stationary phase of growth after approximately 60 h incubation at 35 "C. Production of STV and RIF by s. spectubilis and N. mediterrunei, respectively, started very early in the growth cycle (after about 10 h incubation), while that of SLG by S.
Iydicus occurred after a lag phase of about 38 h (Fig. 1) . The three organisms did not produce very high antibiotic concentrations under our culture conditions but, as will be seen later, the levels of resistance were high. In conventional agar diffusion assays, each of the three organisms was resistant to its own antibiotic product, but cross-resistance to the other antibiotics was not found. Calculations of the MICs (Table 1) confirmed these observations. After UV-light treatment, a mutant of S. spectabilis was isolated which was sensitive to STV (MIC 25 pg ml-I) and also showed increased sensitivity to RIF and SLG (MIC 5 pg ml-l for both). This mutant was also examined for its ability to produce STV and was found to produce 12 times less STV than the wild-type strain (0.03 pg ml-1 and 0.36 pg ml-1 at 100 h incubation, respectively).
Having established that the three prducers were each resistant to their product, the effect of the three antibiotics on RNA synthesis by whole cells was assayed by measuring the incorporation of [3H]uridine into TCA-insoluble material. The tendency of Streptomyces to grow as clumps was reduced in these experiments by using a medium consisting of YEME and 34% sucrose, which promoted diffuse growth (Chater, 1974 ). Pulse-labelling experiments for each of the three producers showed that in vim R N A synthesis was not affected by the endogenous antibiotic (Fig. 2) . However, cross-resistance to the other antibiotics was found only for N. mediferranei at concentrations lower than 25 pg STV ml-l. Higher concentrations of STV (50 pg ml-I) caused inhibition (data not shown). Significantly, there was no difference in the response to the antibiotics when cells in different stages of the growth cycle were used, showing that resistance was a permanent property of the cell and was not acquired solely during the phase of antibiotic production. Antihiuric resistance in producers RNA pdymerase resistance
The results described above support the view that R N A synthesis is resistant to the produced antibiotic, but it was possible that the antibiotic was unable to penetrate the cell wall and the cytoplasmic membrane of the producer organism. In order to clarify this point, we tested the sensitivity of the target site of these antibiotics. To do this, we partially purified the R N A polymerase of the three organisms. It was essential to obtain RNA polymerase fractions which were dependent on the addition of exogenous DNA template for the transcription process, since RIF and STV only inhibit the initiation of transcription (Sippel & Hartmann, 1968; Wehrli et ul., columns at KCI concentrations between 0.2 and 0 . 3~. These fractions obtained from the producing organism were able to transcribe a wide range of D N A templates (including chromosomal, plasmid and phage DNAs) and also showed high efficiency with a synthetic template, poly(dA-dT) (data not shown). The activities of the three enzymes were dependent on the presence of D N A template, nucleoside triphosphates and both magnesium and manganese ions.
As expected, the transcripts were sensitive to RNAase treatment ( Table 2 ). The enzyme was stable for at least 1 month at -20 "C in the presence of 50% glycerol and 1 mM-dithiothreitol.
The sensitivity of these partially purified enzyme preparations to the three antibiotics was tested. The R N A polymerase of each of the three producers was resistant to the produced antibiotic which, in the case of S. lydicus and S. spectobiiis, even stimulated transcription (Figs 3 and   4) . Moreover, in agreement with the results cited above relating to the inhibition of R N A synthesis in uicw, the RNA polymerase of each producer was not cross-resistant to the other antibiotics. Only in the case of N. mediterrunei did the RNA polymerase show a partial resistance to STV. This corresponded with an elevated MIC and the effects upon RNA synthesis in i k w described above. The response of the STV-sensitive mutant of S. spectabifis to the three antibiotics was also tested. This mutant was highly sensitive to the three antibiotics (STV, SLG and RIF at 0.1 pg ml-' caused about 98%, 71 % and 85% inhibition, respectively; Fig. 45 ).
Since the RNA polymerase used was only partially purified, and in order to rule out the possible presence of antibiotic-inactivating enzymes in such preparations, several additional experiments were done. Each individual antibiotic was incubated at 35 "C for 2 h with SlOO (supernatant following centrifugation at 1OOOOOg for 4 h) obtained from each producer. This was done in the presence of ATP and acetylcoenzyme A. Then the residual antibiotic activity of the three antibiotics was tested by two methods: (i) bioassay against M. I u t w (for STV and RIF) and against B. megaterim (for SLG), and (ii) inhibition of RNA polymerase activity of the STVsensitive mutant. No inactivation of the antibiotics was detected by either method. The enzyme fractions were incubated for 5 min with antibiotic before initiating the reaction. After 15 min at 37 "C, the reaction was stoppcd with I ml ice-cold TCA containing 10 mra-sodium pyrophosphate and the radioactivity incorporated into TCAinsoluble material determined after processing of the samples, as described in Methods. 
DISCUSSION
The study of antibiotic-resistance mechanisms in actinomycetes has become a very attractive field of research, particularly since the suggestion that the resistance determinants found in clinical isolates could have an origin in the producing organisms (Walker 8t Walker, 1970; Benveniste & Davits, 1973 (Yura & Igarashi, 1968) but cross-resistance between these two antibiotics and SLG was not always found (Iwakura et a/., 1973; Sonenshein eta/., 1974). We report here that the actinomycetes producing RJF, STV and SLG are resistant to their own antibiotics due to target site modification. Resistance Stems to be constitutively expressed and was observed throughout the cell cycle, independent of the period of antibiotic production. In addition, we could separate resistance to RIF and STV completely in S. spectabilis (STV producer) and partially in N . mediterrurlei (RIF producer) , suggesting that the modifications of R N A polymerase responsible for resistance in these organisms are different. Additional support for the view that resistance is associated with the alteration of R N A polymerase comes from a mutant of S. spectabilis selected as STV-sensitive and which also has R N A polymerase sensitive to STV. In this strain, the mutation for STV sensitivity increased the affinity of the R N A polymerase for both STV and RIF. This suggests that, although the resistance mechanisms in the respective producers may not be exactly the same, there must be a relation between them. This mutant showed another feature. The acquisition of the STV-sensitive phenotype was accompanied by a great decrease in antibiotic production. The importance of this is clear if one considers the necessity for an antibioticsensitive organism to be a non-producer (or low-level producer) in order to avoid 'suicide'. It is possible that this mutant is the result of a unique lesion in structural gene of the RNA polymerase yielding an antibiotic-sensitive product which, in some way, regulates the expression of the genes for antibiotic synthesis. Alternatively, this mutant could be the result of a double mutation (one in a structural gene for R N A polymerase and another in an antibiotic production gene), but the statistical probability of this occurring is very low.
Another interesting point arising from our study was the fact that antibiotics produced by S.
IydcuS (SLG) and S. spectabilis (STV) not only failed to inhibit the RNA polymerase of the producer but even enhanced its activity. This phenomenon was observed previously in a streptolydigin-resistant mutant of Bacillus subrilis (Halling et al., 1978) . It is possible that the interaction of the antibiotic with the modified subunit of the enzyme induced some conformational changes in the multimeric protein structure making the binding of RNA polymerase to the DNA template more effective. It is interesting in this context that RIFdependent mutants have been reported in E. cdi (Dabbs, 1979) .
Resistance to inhibitors of R N A polymerase in non-producer organisms has been reported to be associated with the j3 subunit (Rabussay 8r Zillig, 1969; Boyd et al., 1974; Linn et al., 1975; Halling et al., 1977 Halling et al., , 1978 Boothroyd er al., 1983) . In some cases, the modification alters the electrophoretic mobility of the subunit (Linn et ai., 1975) and it has recently been shown that rifampicin resistance mutations in E. coli were due to a change in only one amino acid in the #?
subunit sequence (Ovchinnikov eta]., 1983). Work in progress in our laboratory is focused on the elucidation of the modification in the R N A polymerase subunit responsible for resistance in the producer organisms.
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